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Abstract

The effects of BaF2-CaF2 particle size and size distribution on PS304 feedstock powder flowability
have been investigated. Angular BaF2-CaF2 eutectic powders were produced by comminution and

classified by screening to obtain 38 to 45gm, 45 to 106gm, 63 to 106gm, 45 to 53gm, 63 to 75gm, and '
90 to 106gm particle size distributions. The fluorides were added incrementally from 0 to 10wt% to the

other powder constituents of the PS304 feedstock: nichrome, chromia, and silver powders. The flow rate
of the powder blends decreased linearly with increasing concentration of the fluorides. Flow was

degraded with decreasing BaF2-CaF2 particle size and with increasing BaF2-CaF2 particle size

distribution. A semi-empirical relationship is offered to describe the PS304 powder blend flow behavior.
The Hausner Ratio confirmed the funnel flow test results, but was slightly less sensitive to differences in

BaF2-CaF2 particle size and size distribution. These findings may have applicability to other powders that
do not flow easily, such as ceramic powders.

Introduction

PS304 is a plasma spray deposited coating for the reduction of friction and wear in turbomachinery
applications [1-6]. The feedstock for this coating is a powder blend consisting of nichrome, chromia,
silver and eutectic barium fluoride-calcium fluoride. Experience has indicated that the flow

characteristics of the powder blend are highly dependent upon the size of the BaF2-CaF2 constituent.

This paper reports the relationship between BaFz-CaF2 size and the flowability of the PS304 feedstock

powder. The objective of this investigation was to establish the role of BaFz-CaF2 particle size and size
distribution in PS304 feedstock flowability in order to improve feedstock characteristics and enhance the
commercial potential of the PS304 coating.

The ability to understand and predict powder flow behavior is important to the handling and

processing of granular materials in a broad range of industries including thermal spray technology,
ceramics, powder metallurgy, pharmaceuticals, concrete, powdered foods and many others [7-10].
Therefore, this work is expected to help add insight to similar powder flow problems encountered in the
manufacturing operations of a variety of disciplines.
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Background

The PS304 coating was developed at NASA Glenn Research Center [11] for the reduction of sliding
friction and wear in turbomachinery applications at temperatures from sub-ambient up to 650 °C. The

composition of this coating is 60wt% nichrome (80Ni-20Cr), 20wt% chromia (Cr203), 10wt% silver and

10wt% eutectic barium fluoride-calcium fluoride (70BaFz-30CaF2). Nichrome serves as a binder and,

along with chromia, provides wear resistance. Silver and BaF2-CaF2 are solid lubricants at low and high

temperatures, respectively. The coating is deposited on the sliding surfaces of the components by plasma
spray.

In the plasma spray process particles of the deposition material are injected into a plasma flame,
which is produced by the ionization of an inert gas [12]. The plasma heats the particles to a molten or

semi-molten state. The particles then strike the substrate and quickly solidify. The impact of subsequent
particles increases the thickness of the coating layer. The feedstock is prepared in a powdered form to
facilitate control of the rapid melting and re-solidification of the coating material. Where multi-

component coating systems are to be deposited, the feedstock can be a powder blend composed of the
different coating constituents.

In a preliminary study, it was determined that intermittent clogging of powder flow in the plasma

spray powder feeding system was caused by the BaF2-CaF2 particles [13]. When the BaF2-CaF2 particles
were smaller than 40gm, the feedstock powder had poor flow characteristics.

The BaF2-CaF2 powder used in this study was produced by comminution. This process takes

advantage of the naturally occurring flaws in ceramic materials such as microcracks, voids and grain
boundaries, shown schematically in figure 1 [14], as well as their inherent brittleness. When stress is

applied to the bulk material, fracture begins along these defects leading to size reduction. Although
comminution is a well-established process, the control of yield particle size and size distribution remains

a difficult problem [15]. This is due in part to the fact that size reduction is highly dependent upon the
processing history of the bulk material, which determines the flaw size and population in the material

[16]. The higher the defect density, the more easily the bulk material can be Comminuted. However, the

density and distribution of the flaws are difficult to assess. In addition, the well-known relationships
between energy imparted to a material during comminution and resultant particle sizes are typically

impractical due to the inefficiency of actual energy transfer to the material [ 17-18]. The typical yield
particle sizes tend to be predominantly fine. The bulk BaFz-CaF2 material used in this study tends to

fracture such that about 70wt% of the particles are smaller than 40gm. Due to poor flowability, material
of this size can be utilized only after additional fusion and comminution, which adds cost to the process.
This brings about a need for a detailed study of the ways in which particle size affects flow characteristics
of PS304 feedstock.

Approach

As the size of a particle decreases, the ratio of its surface area to mass increases. Since interparticle
surface forces such as friction and cohesion are determined by the total surface area, and since mass is

proportional to the volume, the surface area to volume ratio is a good general indication of the flowability
of a powder system [19-20]. The higher the surface area to volume ratio, the more propensity a powder

particle has to cling to another particle rather than to fall away under the influence of gravity, reducing the
ability of the powder to flow. For some powders, an addition of as little as 5wt% of particles smaller than

40gm has been found to halt the flow of the powder system[ 14]. Additionally, wider particle size

distributions allow better particle packing, increasing the average coordination number, thereby
increasing interparticle friction [21 ]. In general, flow of a powder system may be affected by particle size

and size distribution, particle shape and shape distribution, surface chemistry, density and the surrounding
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medium[22-23].TheeffectsofBaF2-CaF2particleshapeandthehumidityof thesurroundingmediumon
theflowabilityofthispowderblendaredescribedelsewhere[24-25].

Techniquesforanalyzingtheinterparticleforcesthatdeterminetheflowbehaviorofpowdersystems
undertheinfluenceof gravityincludeuseof theHall flowmeterandthemeasurementof theHausner
Ratio.TheHall flowmeterisastandarddeviceforinvestigationof theflowcharacteristicsofpowder
systems[26].TheHallflowmeterhasbeenusedin arecentstudyto characterizetheflowrateofother
compositeplasmasprayfeedstockpowders[10].Thisinstrumentwasareliableindicatorofthe
flowabilityoffeedstockpowderforthestudiedplasmaspraysystem.Powdersthatconsistentlyflowed
throughtheplasmaspraypowderfeedhopperalsoflowedthroughtheHall funnel.Conversely,powders
thatdidnotflow throughtheplasmaspraysystemdidnotflowthroughtheflowmeter.Theflowtest
measuresthetimerequiredfor50gof powdertoexitacalibratedfunnel.Thismeasurementisdesignated
theflow time.Astheinterparticlefrictionincreasesinapowdersystem,theflowtimeincreases.A free
flowing powder flows through the Hall funnel unaided under the influence of gravity.

The Hausner Ratio is the ratio of the tapped density to the apparent (or poured) density of the powder

[23]. The apparent density tends to decrease as the interparticle friction in a powder system increases [27].
The tapped density tends to decrease as well, though at a lesser rate due to the additional energy imparted
to the system from the tapping. Therefore, a cohesive powder will have a higher Hausner Ratio than one

that is free flowing. Hausner Ratio values greater than 1.5 are generally believed to identify a powder that
is not free flowing [23, 28]. This study will investigate the correlation between the Hausner Ratio and the

Hall flowmeter results for PS304 feedstock powder.

Experimental Procedure

Figure 2 shows the constituents of PS304. The nichrome particles shown in figure 2a are 44 to 74gm
in size and have a rounded shape. The chromia particles shown in figure 2b are 30 to 44gm in size and

have an angular morphology. The spherical silver particles shown in figure 2c are 45 to 100gin in

diameter. These three powders are available commercially and their sizes and shapes were not modified
for this study.

The BaF2-CaF2 particles shown in figure 2d were 45 to 106gm in size and have an angular shape.
This powder was fabricated by comminution. For this procedure, blocks of the fused eutectic material that

were on the order of 5cm in size were fed into a jaw crusher. A jaw crusherreduces the size of a brittle

material by compressing it between two plates [29]. One plate provides a reciprocating crushing motion,
while the other remains stationary. The plates are inclined with respect to one another such that the gap
between them narrows toward the bottom. The dimension of the gap at the narrowest point determines the

final size of the reduced material. The resultant powder, collected in a bin below the crushing jaws, has
the texture of fine gravel.

A disk mill is used to perform the next BaFz-CaF2 particle size reduction step. A disk mill works by
subjecting the material collected from the primary size reduction operation to shear and compressive
forces between two opposing disks, one rotating and the other stationary. The disks have teeth that are
oriented radially and inclined such that the gap between them decreases toward their circumferences. The

material is fed into the area between the centers of the two disks. The rotating disk forces the material

radially outward due to centrifugal forces. The final particle size is determined by the smallest gap
between the disks.

ASTM standard specification B 214-99 was used to classify the fluorides by size. The screens used in

this procedure were manufactured according to ASTM standard specification E-11. The screens were
stacked vertically in order of coarsest mesh to finest mesh. The screen mesh sizes used were numbers

140, 170, 200, 230, 270, and 325. The screening instrument uses a vertically oscillating column of air and

a combination of vertical and horizontal tappers to separate the particles according to size. The fluorides

were classified by screening to obtain 38 to 45gm, 45 to 106gm, 63 to 106gm, 45 to 53gm, 63 to 75gm,
and 90 to 106gm particle size distributions.
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The flow rate of each powder blend was tested according to ASTM B 213-97. For this test, a
50g sample of the powder blend being tested was loaded into a Hall flowmeter. A schematic of the test

apparatus is shown in figure 3. For each flow test, a powder blend consisting of 60g nichrome,

20g chromia, 10g silver and an incrementally increasing amount of fluorides (0 to 10wt%) was prepared
by mixing the constituents together in a 125mL high density polyethylene bottle until well blended.

A 50.0g sample was obtained from the powder blend for flow testing. A digital stopwatch was used to
measure the time it took the entire sample to exit the funnel. The test was repeated, the times were

averaged to the nearest 0.1 s and designated the flow time. The data were reported on a plot of flow time
versus the weight fraction of fluorides in the powder blend.

The tapped density was measured according to ASTM B 527-93. A 50g sample of the powder blend
containing 10wt% BaF2-CaF2 was poured into a 25 cm 3 graduated cylinder with 0.5cm 3 divisions. The

tapping apparatus dropped the cylinder through a stroke of 3mm at a frequency of approximately 250 taps
per minute. The volume the powder occupied after 3,000 taps vt was then recorded to the nearest 0.5cm 3.

The tapped density was then calculated as the mass of the powder divided by the volume it occupied,
50g/vt.

The apparent density was measured according to ASTM B 212-99. The powder blend containing
10wt% BaF2-CaF2 was poured into a 25cm 3 brass cup using the Hall funnel. Whenthe powder filled the

cup to overflowing, the funnel was swiveled about 90 ° to stop the powder flow into the cup. A metallic
spatula was used to level the powder to the top edge of the cup. The cup with the powder was then

transferred to the scale. The mass of the powder m_ was recorded to the nearest 0.1 g. The apparent
density was then calculated as the mass of the powder divided by the volumetric capacity of the cylinder,
ma/25 cm 3. The reported value for tapped density and. apparent density was the average of three

measurements. All flow tests and density measurements were performed at room temperature.

Results and Discussion

The BaF2-CaF2 particles collected from the jaw crusher were smaller than 2 mm. The particles

subsequently collected from the disk mill were smaller than 200gm. The weight percentages of the
comminuted fluorides per screening run are shown in figure 4. The powder that was not retained on the

screens (-67 percent) passed through the 325 mesh screen and was collected in the pan. Equal mass

distributions were prepared for the BaF2-CaF2 particle size ranges shown in table 1. The reported flow

time is the average of two consecutive tests. The results of the flow tests are shown graphically in
figure 5.

The flow time increased linearly with increasing concentration of fluorides, indicating an increase in
the overall interparticle friction in the powder blend due to the addition of the fluorides. Each data series

had a correlation coefficient between 0.98 and 0.99. The data followed the predicted trend, i.e., the

powder blends containing smaller fluorides had higher flow times than those with larger fluorides due to
the higher surface area to volume ratio of the smaller particles. Furthermore, the flow times of the wider

45 to 1061am and 63 to 106gm BaFz-CaF2 particle size distributions were generally higher than the flow

times of the narrower size distributions of fluorides. The flow of the powder blend with 38 to 45gm
BaFz-CaF2 was considerably worse than all other BaFz-CaF2 sizes considered in this study. In fact, at
4 o . • .

wt _ BaFz-CaF2 for this particle size, the powder was no longer free flowing. This confirms previous

findings, which showed that the Hall flowmeter provided an effective gauge of powder flowability in the
plasma spray system.

The flow time is inversely proportional to the specific volume of the powder, which increases with

increasing concentration of the fluorides due to the lower density of the fluorides. The intercepts of the
lines representing the flow time versus concentration of fluorides are inversely proportional to the

quantity of the size of the fluorides minus the width of the BaFz-CaF2 particle distribution. There is some

overlap in the data between separate BaFz-CaF2 size ranges, but regression analysis indicates that a single
line cannot be used to represent all of the data. The difference between the highest and lowest flow times
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atanygivenBaF2-CaF2concentrationwastypicallylessthan6percent.Thevariationin individual
measurementswasapproximately2percent.Basedonthephysicalcharacteristicsof thepowders,the
followingsemi-empiricalrelationshipbetweenflowtime,powderdensity,BaF2-CaF2constituent
concentrationandBaF2-CaF2particlesizeisoffered(derivedfromregressionanalysisof themeasured
data):

Cl cot=mx+_
p dm-w

(1)

where t is the flow time in seconds, p is the theoretical density of the powder, x is the weight percent

BaF2-CaF2 in the powder blend, d,,, is the mean diameter of the fluorides, and w is the width of the particle

size distribution in microns. For this powder blend, dm>w. The theoretical density of the powder is
determined by the rule of mixtures. The constants c_ and Coin the equation are governed by physical

characteristics such as particle shape and shape distribution, surface chemistry, and density of the

surrounding environment. The parameters from the equation, as determined from the regression analysis,
are listed in table 1.

The theoretical density of the BaF2-CaF2 is approximately 4.01 g/cm 3. The theoretical densities of

nichrome, chromia and silver are 8.57, 5.22, and 10.49g/cm 3, respectively. Therefore, increasing the
concentration of fluorides decreases the bulk density of the powder blend. This causes the volume of the

50g flowmeter charge to increase. The increase in the flow time of the powder blend due to increased
volume can be predicted in part by the rule of mixtures. Using this method, the volume of the PS304

feedstock powder is expected to increase linearly with increasing fluorides Content. Therefore, the flow

time of a 50g sample with 10wt% fluorides would be expected to take about 9 percent longer to flow
through the Hall flowmeter than a 50g sample with no fluorides due to the increase in volume alone. The

measured flow time at 10wt% BaF2-CaF2 was an average of 17 percent higher than the flow time with no

fluorides. This indicates that, while the flow behavior of this powder may be influenced by the density of
the powder blend, there are other factors that must be accounted for in order to accurately describe the

flow behavior. The positive deviation in flow time from the rule of mixtures calculation is thought to be
due to the interparticle friction and its resulting increase on the flow time of the powder blend. The

derived equation is an attempt to characterize the flow behavior in terms of density, size and size
distribution, and the constants mentioned previously.

Table 2 lists the tapped density, apparent density and Hausner Ratio for each feedstock powder. The
Hausner Ratio was less than 1.5 in each case, including the non-free flowing powder containing 4wt%

38 to 45_m fluorides. Also, Hausner Ratio measurements varied by less than 2 percent for free flowing

powders and by a maximum of 4 percent between the powder with the highest flow rate (containing

90 to 106_tm fluorides) to the non-free flowing powder (containing 38 to 45_tm fluorides). Low sensitivity
of Hausner Ratio measurements was reported previously [30]. For comparison, the Hausner Ratio for

coarse (> 150_tm) free flowing emery powder was 1.20 (15 percent lower than the non free-flowing PS304
feedstock).

By the rule of mixtures, density is given byp= ___vi.Pi (i = 1 to 4), where the volume fraction vi is a function of the weight
i

fraction of constituent i. This calculation assumes no interaction between particles.
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Conclusions

The objective of this study was to investigate the effects of BaF2-CaF2 particle size and size

distribution on the flow properties of PS304 feedstock. Based on the results, the following conclusions
were drawn.

1. Flow was degraded with smaller BaF2-CaF2 particle size, wider particle size distributions and
increasing concentration of fluorides.

2. Interparticle friction increases linearly with increasing concentration of fluorides.

3. A semi-empirical relationship was found between powder flow rate, density, concentration of

fluorides and particle size, which is based on flow measurement and change in theoretical density.
4. The Hausner Ratio was insensitive to differences in BaF2-CaF2 particle size in PS304 feedstock.

However, the Hall flow time was able to distinguish different BaF2-CaF2 particle sizes.
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BaF2-CaF2 particle size

....38 to 45 gm

45 to 106 gm

63 to 106 gm

45 to 53 gm

63 to 75 gm

90 to 106 gm

Table 1.--Parameters from Eq. (1)
Screen size

-325+400

-270+325

-230+325

-270+325

-200+230

-140+170

(d-w) -1

0.0290

0.0690

0.0282

0.0243

0.0175

0.0122

CO

845.25

1.8140

0.7277

0.6365

0.4409

0.3055

Cl

14.236

3.6932

3.9766

2.6013

3.9085

3.2118
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38to 45/.tm"
45to 106gm
63to 106gm
45to53gm

Table2._Tappeddensity,apparentdensityandHausnerRatiomeasurements
forthepowderblendscontaining10wt%BaFz-CaF2exceptasnoted

BaF2-CaF2ParticleSize TappedDensity ApparentDensity HausnerRatio
4.292 3.024 1.42
4.00 2.87 1.39
4.00 2.92 1.37
3.92 2.85 1.38

63to75gm 4.00 2.89 1.38
90to 106gm 4.00 2.95 1.36
aThis powder blend contained 4 wt% BaFz-CaF2. The apparent density was measured using the Carney
flowmeter funnel as described in ASTM B 417-00.

Second Phase

Internal Pore Grain Boundary

Surface

Fissure

Surface Pore

Microcrack

F.
I

Figure 1._Defects in ceramic materials that aid comminution processes [14].
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(a) Nichrome (b) Chromia
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Figure 2._Powder constituents of PS304 (original magnification 600X).
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Figure 3._Hall flowmeter [26].
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Figure 4._Percentage of BaF2-CaF2 powder retained per screening run.
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